The systematically difficult task of diagnosing Lyme disease can be simplified by sensitive and specific laboratory tests. The currently recommended two-tier test for serology is highly specific but falls short in sensitivity, especially in the early acute phase. We previously examined serially collected serum samples from Borrelia burgdorferi-infected rhesus macaques and defined a combination of antigens that could be utilized for detection of infection at all phases of disease in humans. The five B. burgdorferi antigens, consisting of OspC, OspA, DbpA, OppA2, and the C6 peptide, were combined into a fluorescent cytometric beadbased assay for the detection of B. burgdorferi antigen-specific IgG antibodies. Samples from Lyme disease patients and controls were used to determine the diagnostic value of this assay. Using this sample set, we found that our five-antigen multiplex IgG assay exhibited higher sensitivity (79.5%) than the enzyme immunoassay (EIA) (76.1%), the two-tier test (61.4%), and the C6 peptide enzyme-linked immunosorbent assay (ELISA) (77.2%) while maintaining specificity over 90%. When detection of IgM was added to the bead-based assay, the sensitivity improved to 91%, but at a cost of reduced specificity (78%). These results indicate that the rational combination of antigens in our multiplex assay may offer an improved serodiagnostic test for Lyme disease.
W
ith an estimated 300,000 new cases each year, Lyme disease is the most common vector-borne disease in North America (http://www.cdc.gov/lyme/stats/humanCases.html) (1) . The burden of this disease in many parts of Europe is also staggering (1, 2) . Treatment with antibiotics is generally effective, even more so when employed soon after infection (3) . Therefore, early and reliable laboratory diagnosis is critical for effective cure of Lyme disease patients.
Patient serum antibodies specific for Borrelia burgdorferi antigens are detected with currently recommended laboratory tests for Lyme disease. While the detection of antigen may be preferred for early diagnosis, this is encumbered by the absence of detectable spirochetes or spirochetal antigen in the bloodstream once the organism has disseminated. Thus, the use of antigen detection from a blood or skin biopsy specimen has not demonstrated favorable sensitivity (4) . The two most commonly used tests for diagnosis of Lyme disease in North America are (i) the two-tier test that includes an enzyme-linked immunosorbent assay (ELISA) and confirmatory Western blotting and (ii) the C6 test, where antibodies to a specific peptide within a conserved region of VlsE, the B. burgdorferi antigen, are detected (5) (6) (7) (8) . Both the twotier and C6 tests exhibit high specificity and are most sensitive for patients in the disseminated phases of disease (5, (8) (9) (10) . In addition, the C6 test has been evaluated as an indicator of treatment outcome in the United States (11, 12) , with a Ն4-fold decline in antibody titer (up to 6 months after treatment) in a majority of patients. The Western blot procedure is technically demanding, and the two-tier test may require two blood draws if performed by separate laboratories. Improvement is needed for the diagnosis of patients in the early acute phase of disease and for the minority of B. burgdorferi-infected individuals who may not produce detectable anti-C6 antibodies. A simple test that can quantify antibody responses to multiple antigens with a small amount of patient serum would be of significant benefit.
In addition to the C6 peptide, a precedent exists for the use of several other B. burgdorferi proteins that are known to elicit antibody responses in natural infections. Among those which have been incorporated into Western blot-type tests are included outer surface protein C (OspC) (13, 14) , fibronectin-binding protein BBK32 (p35) (15) , decorin-binding protein A (DbpA) (16) , flagellar protein (FlaB), VlsE (16, 17) , and outer surface protein A (OspA). The temporal changes in specific antibody titers to each of these antigens postinfection can affect diagnostic accuracy. We therefore performed an assessment of longitudinal responses to multiple antigens following infection of rhesus macaques (18) . These data were used as the rationale for combining specific antigens into a multiplex assay. Among the antigens tested, OspC, DbpA, and C6 each induced responses in the majority of infected animals and those responses exhibited varied kinetics. OspA was also included because levels of anti-OspA antibodies have been shown to be elevated among posttreatment Lyme disease syndrome (PTLDS) patients (19) and because we wish to develop an assay that can be used as a diagnostic test at all stages of disease. We also examined the responses to oligopeptide permease A2 (OppA2) in experimental animals, and this protein was found to be a reliable target diagnostic antigen. We hypothesized that a quantitative assay using this combination of antigens could be used to improve the sensitivity of detection of B. burgdorferi infection in patients at all phases of disease. In this report, we describe naMag-Spin magnetic separator (Life Technologies catalog no. 12320D) for 1 min, followed by removal of the supernatant without disturbing the beads. Beads were removed from the magnet and resuspended in 100 l of the provided wash buffer. Following a 30-s vortex procedure, the beads were placed on the separator for 1 min, followed by gentle aspiration and removal of supernatant. To the beads, 80 l of bead activation buffer was added, followed by vortex mixing. S-NHS (N-hydroxysulfosuccinimide; Thermo Scientific catalog no. 24510) and EDAC [1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride] (Bio-Rad catalog no. 153-0990) were adjusted to a final concentration of 50 mg/ml in bead activation buffer, and 10 l of each was added sequentially to the bead suspension. After vortex mixing, the tube was covered with foil and the beads were agitated on a rotator at 180 rpm for 20 min at room temperature. After incubation, 150 l phosphate-buffered saline (PBS) from the kit was added and beads were vortex mixed for 10 s. The tubes were placed on the magnetic separator for 1 min. Following removal of the supernatant, the beads were washed with 150 l of PBS. The activated beads were resuspended in 100 l PBS and vortex mixed for 30 s. For coupling, 12 g of peptide or protein (without removal of GST) was added to the activated beads. PBS was added to bring the total volume of the reaction to 500 l, followed by vortex mixing. The reaction tube was covered with foil and agitated on a rotator at 180 rpm for 2 h at room temperature. After incubation, beads were placed on the magnetic separator for 1 min. While beads were on the separator, supernatant was removed and 500 l of PBS was added, followed by vortex mixing. After bead separation (1 min) and supernatant removal, 250 l of blocking buffer was added and the tube was then vortex mixed for 15 s. The blocking reaction mixture was covered with foil and agitated on a rotator at 180 rpm for 30 min at room temperature. After incubation, bead separation on the magnetic separator was allowed for 1 min. Following supernatant removal, the beads were resuspended in 500 l of storage buffer. After 20 s of vortex mixing, magnetic separation was allowed for 1 min. Finally, the supernatant was removed and the beads were resuspended in 150 l of storage buffer and stored at 4°C in the dark. The bead count was determined using a hemocytometer. The coupled beads were expected to be stable for 10 to 12 months in cold storage.
Detection of specific antibodies and controls. The magnetic bead cocktail was prepared with assay buffer to achieve 50 l per well. After optimizing of the ratio was performed, the final bead counts per well were 2,000 for C6, 1,000 for DbpA, 1,000 for OspA, 1,000 for OspC, and 1,000 for OppA2. After the beads were added to a 96-well plate, they were washed twice with 200 l wash buffer using a BioPlex Pro wash station. Samples were prepared for each plate as follows: per well, 50 l of primary antibody was diluted in sample diluent. Serum (human or monkey) was diluted 1:200, and the anti-C6 and anti-OspC monoclonal antibodies were diluted 1:1,000 (or as otherwise specified). Anti-OspA was diluted 1:100.
Anti-C6 monoclonal 4B10 was produced by Genemed Synthesis and was diluted to 1.0 mg/ml in PBS. The anti-OspC hybridoma (B5.1) was kindly provided by Robert Gilmore (Centers for Disease Control and Prevention [CDC] ) and was used as a dialyzed, concentrated hybridoma supernatant at a concentration of 0.4 mg/ml. The anti-OspA (CB10) was supplied by Jorge Benach and used as a hybridoma supernatant (undiluted).
Following addition of the primary (sample) antibody, plates were sealed with light protecting sealer, shaken at 1,100 rpm for 30 s, and incubated for 1 h at 300 rpm at room temperature. Beads were washed three times with 100 l wash buffer. The secondary (detection) antibody was diluted 1:1,000 in detection antibody buffer, and 25 l was added to each well. Antibodies (all from Southern Biotech, Inc.) used for detection included the following: goat anti-rhesus IgG (heavy-and light-chain [HϩL])-phycoerythrin (PE) (catalog no. 6200-09); goat anti-mouse IgG (HϩL) R-phycoerythrin (RPE), human absorbed (catalog no. 1031-09); goat anti-human IgG-PE (catalog no. 2040-09); and mouse anti-human IgM-PE (catalog no. 9020-09). Plates were sealed with light protecting sealer and shaken at 1,100 rpm for 30 s, followed by 1 h of incubation at 300 rpm at room temperature. Beads were washed 3 times with 100 l wash buffer. Finally, 125 l of sheath buffer (Bio-Rad) was added to each well and the plate was sealed with new tape followed by shaking at 1,100 rpm for 30 s. Plates were stored at 4°C and were covered with aluminum foil until analysis. Typically, the assay was performed 1 day and analyzed the next day. Prior to analysis, plates were shaken at 1,100 rpm. Samples were read on a Bio-Plex 200 suspension array system and analyzed using Bio-Plex Manager v6.1 software (Bio-Rad Laboratories).
Animals, infection, and treatment. Practices in the housing and care of animals conformed to the regulations and standards of the PHS Policy on Humane Care and Use of Laboratory Animals and to the Guide for the Care and Use of Laboratory Animals. The Tulane National Primate Research Center is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International. The Institutional Animal Care and Use Committee of the Tulane National Primate Research Center approved all animal-related protocols, including the infection and treatment of and sample collection from nonhuman primates. All animal procedures were overseen by veterinarians and their staff. For blood collection, monkeys were anesthetized with ketamine (10 mg/kg of body weight) by intramuscular injection.
In a separate study, 10 male rhesus macaques (Indian origin), 3 to 4 years of age, were fed upon by 10 to 20 Ixodes scapularis nymphs harboring B. burgdorferi strain B31. Infection was confirmed by skin biopsy culture and PCR. At 4 months postinoculation (p.i.), five animals received antibiotic treatment consisting of one 25 mg tablet of doxycycline (Bio-Serv) administered twice a day for 28 consecutive days. This dose corresponded to Ն5 mg/kg/day to ensure that an effective blood level was achieved. Patient samples. Two separate panels of serum samples were obtained from the CDC. The first panel consisted of 32 samples; 12 of the samples were derived from patients at various stages of Lyme disease, including early/acute, early/convalescent, Lyme arthritis, and neurological Lyme disease (disseminated phase), and the other 20 were derived from control subjects and patients with "look-alike" diseases, including fibromyalgia, infectious mononucleosis, multiple sclerosis, rheumatoid arthritis, severe periodontitis, and syphilis. The second panel consisted of 92 samples: 32 samples obtained from Lyme disease patients and 60 control samples. In total, the patient samples (n ϭ 44) consisted of 14 from patients with early disease (acute phase), 14 from patients with early disease (convalescent phase), 8 from patients with Lyme arthritis, 2 from patients with early cardiac Lyme disease, and 6 from patients with neurologic Lyme disease. The acquisition and characterization of patient samples in the CDC biorepository have been described in detail previously (20) .
RESULTS
The dynamic linear range of specific antibody detection using the Multiplex assay is much broader than that of standard ELISA. In order to examine the potential for this assay to be used to quantify and compare antibody titers, we performed standard ELISA and the Multiplex assay using multiple dilutions of an anti-C6 monoclonal antibody. As shown in Fig. 1A , using standard ELISA, the upper detection limit is an unchanged absorbance of ϳ3.8 (in the dilution range of 1:800 to 1:4,000) which drops an optical density at 450 nm (OD 450 ) of less than 1.0 with a 50-fold dilution of 1:20,000. In contrast, a linear decline over the entire range of dilution was detected using the Multiplex assay, with a mean fluorescence intensity (MFI) change of 11,000 (from ϳ15,000 to 4,000) over the 50-fold dilution. By using a series of 25-to 50-fold dilutions, we compared the linear ranges of the assays using a best-fit (R 2 ) calculation. Here the reciprocal dilution (log 2 ) was plotted against the assay value (OD 450 or MFI). As shown in Fig. 1 , the R 2 for dilutions in the range of 1:800 to 1:40,000 or for the four lowest dilutions (1:8,000 to 1:40,000) demonstrated that the linear range is broader for the Multiplex assay (0.6608 versus 0.8443) and is also a better linear fit for the lower antibody concentrations (0.9512 versus 0.9885). This implies that the use of standard curves with monoclonal antibodies for quantification of responses would be more accurate with the cytometric bead assay than with the ELISA. While more dilutions on the upper and lower ends are needed to determine the actual dynamic range, these data indicate improved precision with the Multiplex test.
The Multiplex assay more accurately reflects differences in antigen-specific antibody levels. In order to evaluate how the antibody responses within the range found in serum of infected animals were represented by both methods, we compared the levels of antibodies to three antigens using serially collected serum from two monkeys infected with B. burgdorferi by tick feeding. One animal (IH11) was treated with doxycycline between weeks 16 to 20, and the other animal (IP55) was not treated. Using comparisons of data generated from standard ELISA and the Multiplex assay (Fig. 2) , the patterns of antibody reactivity over time were shown to be similar. However, the Multiplex assay was more sensitive to differences in antibody level. For example, comparing anti-OspC responses, a sharp increase in antibody level was detected at week 30 for animal IP55 by the Multiplex assay, but it was observed as a minor increase by standard ELISA. Comparing the anti-DbpA responses, the patterns of antibody response for the two animals looked similar by ELISA but separated sharply after week 30 as shown by the Multiplex assay results. A decline in C6 titer was expected following antibiotic treatment (11) , and this was observed for animal IH11. The ELISA indicated a steady decline to below baseline (the average of preimmune serum values) by week 30, whereas the Multiplex assay indicated that levels rose slightly after the beginning of treatment and did not drop below baseline until week 35; a low level of antibody was also detected at week 58 with the Multiplex assay.
The Multiplex assay reveals specific differences in the polyvalent antibody responses during infection. Results from a time course analysis of antibody responses to multiple antigens by B. burgdorferi-infected monkeys are shown in Fig. 3 . Each animal, infected by tick-mediated transmission, showed a different profile of reactivity. For each of the antigens utilized in this assay, the ranges of antibody levels (i.e., the MFIs) for animals that produced positive responses were similar. For example, the levels of antiDbpA antibodies were much higher than those of anti-C6 or antiOspA antibodies.
As expected, significant variation in antibody reactivity was seen among human samples. Multiplex test results from a panel of 12 Lyme disease patients and multiple control patients from lookalike disease categories are shown in Fig. 4 . Lyme disease patients typically produced specific antibodies for one or more antigens, Only one of four early-phase/acute-phase Lyme disease patients (EL/A) tested positive, and this was detected by using anti-DbpA antibodies. Importantly, very little reactivity to control samples was detected; the exception was the weak responses to multiple antigens shown by two rheumatoid arthritis (RA) patients (bottom panel) and to OppA2 by one healthy control (top panel) from a region of nonendemicity (HNE). However, OppA2-GST (produced in house) was the source antigen for this set of experiments. A purer form was later acquired from an industry source and utilized for subsequent analyses (compiled in Tables 1  and 2 ). The IgG results displayed in the top panel, in summary, showed that we achieved 100% sensitivity for Lyme disease patients in the convalescent phase (EL/C) with Lyme arthritis (LA) or neuroborreliosis (NL). Of the patients in the acute phase (EL/ A), 1 of 4 was positive (25%) using the Multiplex assay whereas 0 of 4 (0%) was positive using the 2-tier test.
Comparison of IgG results from the 5-antigen Multiplex assay to those from the EIA and 2-tier test shows that sensitivity was improved while specificity was maintained. Following the analysis of the 32-sample CDC panel (panel I), we acquired an additional panel of 92 samples; 32 were obtained from Lyme disease patients and 60 from controls (panel II). Each sample was tested "blind," the results were sent to the CDC, and then the patient sample information was shared. This information included (i) the disease identity, (ii) the enzyme immunoassay (EIA) test results, and (3) Western blot results (combined to give 2-tier result). The C6 ELISA was performed by our laboratory, using a kit supplied by Immunetics, Inc. Before the identities of the sample categories were obtained, we could not establish the mean and standard deviation values of the negative-control samples in order to establish cutoff values for positivity. Once we had tested the samples, the healthy controls that were included on each plate were used to establish the cutoff as the mean ϩ 3ϫ the standard deviation. When obtained, equivocal results were excluded.
The combined results obtained for panels I and II are shown in Table 1 . After obtaining the disease identity for each sample, we determined that single-antigen positivity with respect to C6, OppA2, or DbpA was specific, whereas single responses to OspC were not because the only case where OspC alone was detected did not represent a Lyme patient. However, for the purposes of reporting the data, we have listed any sample with a single positive result within the five-antigen test as positive. Among the five antigens, the Lyme disease patients most frequently had specific antibodies to C6 and OppA2. Responses to DbpA were also common, but only one patient was singly positive for DbpA (Fig. 4 , top panel [EL/A]), whereas multiple patients were singly positive for C6 or OppA2. Responses to OspA were confined to Lyme arthritis patients, and, surprisingly, only 4 of 28 early-phase Lyme disease patients possessed detectable anti-OspC antibodies. Finally, the only patients who showed antibodies to all 5 antigens were a few of the Lyme arthritis patients.
Several of the samples that produced "false-positive" results by the Multiplex assay were scored as positive by EIA and/or Western blot analysis. For example, one of our false positives was from a healthy patient in an area of endemicity. The EIA was positive, and 4 bands were present on the Western blot (data not shown). Since 5 bands were required to meet the threshold, it was scored negative by the 2-tier test, although the possibility that this person had been exposed to B. burgdorferi cannot be ruled out. One of our false-positive samples was from a fibromyalgia patient who was dual-antigen positive by our test and also by Western blot analysis (not shown). We therefore included the specificity achieved against all of the controls who would have had the lowest likelihood of exposure (healthy patients from areas of nonendemicity) in our analysis and found it to be 100%. For the EIA, the two-tier test, and C6, the specificities against HNE patients were 90.9%, 100%, and 91.6%, respectively. The comparisons of the levels of sensitivity (true positive rate) and specificity (true negative rate) obtained using IgG results only are shown in Table 1 .
Comparison of diagnostic test results from early-phase Lyme disease patients shows the highest level of sensitivity using the 5-antigen Multiplex assay. We compared the results obtained from early-phase Lyme disease patients in the acute phase using the 5-antigen multiplex assay with those obtained with the EIA, 2-tier test, and C6 ELISA and found that the 5-antigen multiplex assay was more sensitive than the others (Table 1) . Specifically, the detection in the early acute phase was 50%, showing a distinct improvement over the EIA (33.3%) and the 2-tier test (7.1%); the C6 test was a close second with 42.8% sensitivity. Our multiplex assay also showed high sensitivity (92.9%) in the early convalescent stage. Combining these results, the early-phase sensitivity of the multiplex assay was 20/28, or 71.4%, which is a moderate improvement over the sensitivities obtained for the C6 test ( in specificity compared to levels seen with the 2-tier (96.7%) and C6 (96.6%) tests, which remained over 90% (91.7%).
The multiantigen assay IgM responses showed greater sensitivity for early-phase Lyme patients but lower specificity. In order to analyze the IgM responses using our Multiplex assay, we needed to establish a cutoff value. In general, we found the background levels of IgM against all of the antigens to be high. A sample of the results is shown in Fig. S1 in the supplemental material. For each plate, we used the values from control patients to determine the baseline. However, the wide range and variation made the establishment of cutoff values using the few available samples likely less accurate. The IgM results on their own demonstrated lower sensitivity and specificity than the IgG results ( Table 2 ). As expected, the values for IgM specificity were higher in the early phases of infection (50% for acute-phase patients; 64% for convalescent-phase patients) than in the late stage (25% for Lyme arthritis patients). By combining the results from the IgG and IgM Multiplex assays (Table 2) , we could improve the detection of early-phase Lyme disease and increase the overall sensitivity to 90.9%. However, the specificity would decline to 78%.
DISCUSSION
The goal of developing a reliable diagnostic test that can detect B. burgdorferi sensu lato infection in patients at all phases of disease (21) is being pursued with multiple methods and technologies. From the perspective of the use of disease-related biomarkers, approaches involving metabolomic and immunologic profiles have shown promise (22) (23) (24) . In particular, a liquid chromatography-mass spectrometry-based analysis of metabolites was shown to correctly classify early-phase Lyme disease patients and healthy controls with a sensitivity of 88%. Given that the test is not specific to B. burgdorferi, a remarkable specificity of 95% was achieved in tests against "look-alike diseases" such as fibromyalgia and rheumatoid arthritis (22) . However, patients with late-stage disease were not tested and the potential for the levels of biomarkers included in the profile to wane over time is a concern. Early detection of infection has also seen improvement with PCR-based and antigen detection methods in blood (25, 26) . This relies on B. burgdorferi or its antigens being present in the blood, a condition which is confined to a small window of time in early infection.
Antibody-based detection methods have also seen improvements. Here, test performance has been and continues to be weak the early stage of infection, but the overall sensitivity of newer tests compared to that of two-tier testing has improved. The C6 ELISA, which utilizes a peptide derived from a conserved region (C6) of the VlsE protein (27) , has been shown to perform as well as or better than the two-tier test (5, 10), depending on the disease phase. In addition, it has been shown to have potential as an indicator of treatment outcome (11, 12) . Peptides derived from another B. burgdorferi sensu lato protein (OppA2) have also been shown to detect specific antibodies in Lyme disease patients (28) . Most recently, multiplex assays for the detection of infection in dogs (29) and in humans (30) have shown strong potential for this diagnostic platform. Specifically, a combination of 10 antigens was used to test serum antibodies from Lyme disease patients at different phases (30) . This test showed improved sensitivity over the two-tier test (87.5% versus 67.5%) in the early phase but was not compared to the C6 test or tested against samples from patients with multiple look-alike diseases for specificity.
Here we report the results from preliminary testing of a fiveantigen multiplex assay for diagnosis of Lyme disease. These results were compared to those obtained for the EIA, the two-tier test, and the C6 ELISA. We saw improved sensitivity in all categories of patients using the Multiplex test compared to the other tests. The improvement over the C6 test was only moderate, but it was more evident in the comparisons to the two-tier test and EIA for sensitivity and specificity, respectively. Comparison of the multiplex assay to the C6 test specifically showed improvement for early-stage detection, while the improved sensitivity in later stages was also met with reduced specificity. In several cases, the C6 ELISA result was positive and a low titer of anti-C6 antibody was detected by the multiplex assay; however, the level was below the cutoff, so it was scored as negative by the multiplex assay. Establishment of an index for positivity should improve multiplex test performance in this regard. The antigens most frequently targeted by patient antibodies were C6, OppA2, and DbpA, with single-positive detection obtained using C6 and OppA2. The use of OspA and OspC added little to the sensitivity of the assay. We expected that few patients would have anti-OspA antibodies, as these have been shown to be restricted to patients with Lyme arthritis and/or PTLDS (19, 31) . However, we elected to keep this antigen as part of the assay (i) in order to cover all patient categories and stages and (ii) because nonspecific responses are infrequent. We did, however, expect a higher proportion of patients to possess antiOspC antibodies that would be detectable by this assay. The OspC antigen is a full-length molecule derived from B. burgdorferi strain B31. This strain has been classified as having ospC genotype 1 (type A) (32, 33) . Given the sequence diversity of this gene, seroreactivity can vary in accordance with the infecting strain's ospC type (34) . By inclusion of a recombinant OspC protein from another genotype, such as type K, we may be able to improve the sensitivity (34) . Inclusion of other diagnostic antigens that have shown strong potential may also improve the assay (35) .
In order to establish a more solid index of positivity, high numbers of healthy negative-control patients are needed. For minimizing plate-to-plate variation, standard curves determined using monoclonal antibodies against C6 and OppA2 are required and under development. This will also facilitate quantification of antibody titers, which may be of tremendous value in measuring treatment response. These two antigens appear to be essential for test performance. OppA2 incidentally showed 100% specificity with respect to IgM antibody detection (Table  2) . By reducing the number of antigens used for IgM testing, in addition to the establishment of proper cutoff values, we can improve upon this platform test. In summary, we have demonstrated that a multiplex bead-based assay that is confined to a few select antigens can provide specific and sensitive serodiagnosis of Lyme disease.
